Abstract
Introduction
Ideally, end-of-life care decision-making in the intensive care unit (ICU) is governed by knowledge of how patients' values and goals can best be promoted given the patient's current clinical circumstances. However, growing evidence suggests that other factors such as providers' perceptions of prognosis or institution-specific practices regarding intensity of treatment may also play a role [1] [2] [3] [4] [5] . One such factor that is increasingly being studied is how the dynamic nature of the ICU may influence patient outcomes. Prior studies examining the effect of ICU strain [6] (a measure of how "busy" an ICU is) have demonstrated associations between strain and ICU length-of-stay [7] and mortality [8] , suggesting that fluctuations in the surrounding ICU environment can affect clinical care. However, it is uncertain whether increases in ICU strain impact end-of-life decision-making.
Conceivably, when ICUs are strained, clinicians may have insufficient time or cognitive reserve to have indepth discussions with families and other physicians regarding end-of-life decisions [9] . Decision-making related to the use of life-sustaining therapy is timeconsuming, and competing demands on clinicians' time have been cited as a barrier to end-of-life care delivery [10] . In one study of pediatric ICUs in France, clinicians spent a median of 11 h on decision-making [11] , and this process may be further lengthened by disagreements between members of the care team [12] . These phenomena could delay appropriate transitions in the goals of care [10] , and these effects may be more marked in ICUs with closed physician staffing models, which have been shown to be less flexible to changes in strain, perhaps because the strain is borne by fewer physicians [8] .
Alternatively, in settings of increased strain, physicians may have conversations regarding end-of-life care more expediently, consistent with the view that scarcity (of time, beds, or other resources) may encourage physicians to perform more efficiently [13] . Indeed, higher ICU strain has been associated with earlier ICU discharges without a concomitant increase in hospital mortality [7, 14] . Given these conflicting hypotheses, we sought to elucidate the relationships between ICU strain and end-oflife decision-making for critically ill patients. Specifically, we explored the effects of strain on time to death for patients with and without limitations in life-sustaining therapy, and determined whether effects differed among ICUs employing different physician staffing models. Some of the results of this study were presented at the 2015 American Thoracic Society International Conference [15] .
Methods

Patients and data collection
Data for this study came from Project IMPACT (Cerner Corporation, Kansas City, MO), a database of US ICU admissions for the years [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . Further details about Project IMPACT have been published previously [16] . We included patients with a first admission to the ICU (readmission episodes were excluded) for a period of 72 h or greater. We chose to limit the analysis to patients with ICU length of stay of at least 72 h, as we wanted to allow for a plausible time period for decision-making, and any effect of strain on decision-making, to occur. In primary analyses, we included only patients dying in the ICU. In a secondary analysis of time to ICU discharge, we evaluated patients who survived an initial ICU stay but died during the hospitalization.
We excluded patients who were not eligible for severity of illness assessment using the MPM 0 III score, a scoring system that combines physiologic variables, acute and chronic diagnoses, and a variety of patient factors. This score was developed and validated within the Project IMPACT database and has similar performance to the Acute Physiology and Chronic Health Evaluation (APACHE) score [17, 18] . To maintain a check on data quality, we excluded admissions from ICUs that contributed data to Project IMPACT for less than 1 year or less than 20 patients per quarter of a year. We also excluded patients admitted to the ICU with any limitation in therapy (including do-not-resuscitate (DNR) orders, withholding or withdrawal of life-sustaining therapy, comfort care) already in place, as end-of-life decision-making for these patients largely occurred prior to ICU admission, and time to death for these patients may not be comparable to other decedents [ Fig. 1 in the electronic supplementary material (ESM)]. Patients discharged to hospice were not included in the analysis, as we did not have information about when these patients ultimately died. The study protocol was reviewed and approved by the institutional review board of Columbia University Medical Center (IRB-AAAJ1051 New York, NY, USA). Written informed consent was waived.
ICU strain and end-of-life decision-making
The primary exposure variables were three measures of ICU capacity strain that derive from a conceptual model [6] , have been validated on the basis of associations with ICU clinicians' contemporary perceptions of strain [19] , and have been used in prior studies [7] [8] [9] . These three measures included ICU census, the proportion of new admissions, and the acuity of other patients in the ICU [8] . To allow for comparisons among ICUs of differing sizes, we standardized the census by taking the daily census (including all patients in the ICU for at least 2 h), subtracting the yearly mean daily census, and dividing by the yearly standard deviation. New ICU admissions were calculated as the proportion of the day's census that comprised new admissions that day. ICU acuity was calculated using the average predicted probability of death (using the MPM 0 III score) of all patients in the ICU, excluding the index patient. We chose to enter each metric separately instead of forming a combined measure of strain, as this would allow us to assess for the effect of each metric individually, while controlling for the other two. We chose to use the average of each strain metric over the first 3 days of the ICU stay because ICU strain may affect patient outcomes over a period of time beyond the day of admission [8] .
To assess the effect of strain on end-of-life decisionmaking, we examined the associations of strain with several key outcomes. First, we explored time to DNR among decedents who had any new limitation in lifesustaining therapy, defined as having had either a DNR order placed, or a withholding or withdrawal of lifesustaining therapy prior to death. Patients who died, but did not have a code for cardiopulmonary resuscitation (CPR) on the day of death or the day prior, were also counted as having had a limitation placed. This coding approach in the Project IMPACT data has been used to study withdrawal of life-sustaining therapy [4] , and results in estimates of the percentage of ICU patients dying with a limitation in life-sustaining therapy that are similar to those previously published [20, 21] . For patients who did not have CPR prior to death but were missing a time-date stamp for the DNR order (n = 3528), we instead used the time and date of death to calculate the time to DNR, with the assumption that DNR was issued prior to death occurring. Time to placement of other limitations in life-sustaining therapy (e.g., withholding therapy, comfort care) were not available in the database. Second, we evaluated time to death among patients who died in the ICU with a limitation in life-sustaining therapy in place. Lastly, we evaluated time to ICU discharge among patients who had a limitation in life-sustaining therapy placed in the ICU and subsequently died in the hospital.
We then performed a series of secondary analyses to help distinguish whether strain influences time to death by changing end-of-life decision-making or through some other mechanism (e.g., lower-quality care). First, we examined the effect of ICU strain on time to death for patients who died without limitations on life-sustaining therapy, reasoning that time to death for these patients would not vary as a function of strain if decision-making causally explained the association with time to death. Second, we examined time to death for patients at lowest risk of death (defined as having an MPM 0 III score in the lowest quartile of scores), reasoning that among such patients, an association between strain and time to death may be more likely to be due to strain-induced deficiencies in the quality of care because these patients would not be expected to die and hence would require fewer discussions of endof-life care. Third, we performed a mediation analysis (described fully below) to determine whether the effect of strain on time to death was mediated by time to placement of a DNR order [22] [23] [24] . Mediation analysis is a statistical technique used to test a hypothesized causal pathway between an independent (here, strain), a mediating variable (time to DNR), and dependent variable (time to death). Significant mediation effects would suggest that time to DNR plays a causal role between strain and time to death.
Statistical analysis
We evaluated the effect of strain on time to death and time to DNR using linear regression with ICU-year modeled as a fixed effect to adjust for clustering of patients within ICUs and the possibility of difference in care over time. Covariates forced into the multivariable models were demographic variables (age, gender, race, type of insurance), clinical characteristics to adjust for severity of illness (type of patient-surgical, non-surgical, functional status on admission, MPM 0 III score, use of mechanical ventilation and vasopressors) and admission characteristics (weekend admission, location prior to admission). A priori, we chose to investigate interaction terms between census and unit acuity, census and staffing model, and number of new admissions and staffing model, given that these relationships were found to be significant in prior analyses relating strain to mortality [8] .
In conducting the mediation analysis, we included only those patients who had a complete date-time stamp for a DNR order. We excluded from these analyses those patients for whom the time of DNR was coded as the time of death due to the absence of CPR provision because including such patients would bias the results toward showing significant mediation. We calculated the direct, indirect, and total effect of ICU strain on time to death, where the direct effect represents the effect of ICU strain on time to death that is not mediated through time to DNR, the indirect effect represents the effect of ICU strain on time to death that is mediated, and the total effect is the sum of the direct and indirect effects (Fig. 1) . To conclude that mediation was present, we examined the proportion of the total effect that was indirect as well as bootstrapped confidence intervals around the estimate of the indirect effect [22] . Further details of regression modeling and mediation analysis are available in the ESM. Database management and statistical analysis were performed using Stata 13.1 (StataCorp LP, College Station, TX, USA). 1 Conceptual model of mediation analysis. ICU strain affects time to death directly (τ′) as well as through an indirect path that is mediated by time to DNR. The direct effect of ICU strain on time to death is equal to the coefficient τ′, while the indirect effect of ICU strain on time to death is equal to αβ. The presence of a significant indirect effect is suggestive of mediation, or that time to DNR plays a causal role in the effect of ICU strain on time to death
Results
Characteristics of decedents and ICUs
Of 400,129 admissions during the study period, 9891 patients died in the ICU after a stay of 72 h or greater. These decedents had a high rate of mechanical ventilation (91.3 %), vasopressor use (73.1 %), and had a median predicted probability of death on ICU admission (using MPM 0 III) of 20.5 % (interquartile range (IQR) 10.7-38.8 %). A vast majority had a DNR order in place (91.3 %) prior to death, and 56.8 % had other life-sustaining therapies withheld or withdrawn (Table 1) . Decedents with a limitation in life-sustaining therapy were more likely to be Caucasian (79.7 vs. 62.9 %), had higher predicted probability of death (21. 
Effect of strain on time to DNR
For patients who died with a limitation in life-sustaining therapy, we analyzed the effect of ICU strain by including all three strain metrics into a fully adjusted model with ICU-year modeled as a fixed effect (ESM, Table 2 ). We evaluated interaction terms by including each interaction term separately. Only the interaction between census and staffing model was significant, such that increases in census were associated with shorter time to DNR only in closed ICUs (p value for interaction = 0.04) (ESM, Table 3 ). In the final model (including the interaction term between census and staffing model), effects for both admissions and acuity were significant, with increases in strain being associated with a decrease in time to DNR (ESM, Table 4) . When the final model was used to generate predicted outcomes, patients in the highest quintile of admissions or unit acuity were predicted to have a DNR order placed more than a day earlier than patients in the lowest quintile (6.50 days, 95 % CI 6.42-6.57 for highest quintile of admissions versus 7.77 days, 95 % CI 7.69-7.85 days for lowest; 6.11 days, 95 % CI 6.04-6.18 days for highest quintile of acuity versus 7.70 days, 95 % CI 7.62-7.77 days for lowest) ( Table 2 ).
Effect of strain on time to death
In the fixed-effects model, the proportion of new admissions was inversely associated with time to death (p = 0.02) (ESM, Table 2 ). Again, there was a significant interaction between census and staffing model (p value for interaction = 0.003) (ESM, Table 3 ), such that increases in census were associated with a decreased time to death only for patients in closed ICUs (a 0.05 decrease in log(time to death) for every unit increase in standardized census, β = −0.05, 95 % CI −0.08 to −0.01, p = 0.006) (ESM, Table 4) (ESM, Fig. 2) . Patients in the highest quintile of admissions were estimated to die more than 1 day earlier than patients in the lowest quintile of admissions (7.64 days, 95 % CI 7.57-7.71 days for highest quintile versus 9.05 days, 95 % CI 8.97-9.12 days for lowest) ( Table 2) . Similarly, patients cared for in closed ICUs in the highest quintile of census were predicted to die an average of half a day earlier than patients in closed ICUs in the lowest quintile (8.28 days, 95 % CI 8.12-8.43 days for highest quintile versus 9.06 days, 95 % CI 8.86-9.27 days for lowest) ( Table 2 ).
Effect of strain on time to ICU discharge
To further elucidate the effect of strain on potential end-of-life decision-making, we analyzed the effect of strain on time to ICU discharge among a separate cohort of patients who had limitations in life-sustaining therapy placed during an ICU stay, were subsequently discharged to the floor, and died during their hospitalization (n = 5011). For this cohort, 57.8 % had a DNR order placed in the ICU, and 42.2 % had life-sustaining therapy withheld or withdrawn. The median time between time to DNR and ICU discharge was 24 h (IQR 0-48 h); the median time between time to ICU discharge and death was 2 h (IQR 1-4 h). In the fixed-effect model, both census (β = −0.04, 95 % CI −0.08 to −0.01, p = 0.008) and admissions (β = −0.99, 95 % CI −1.39 to −0.59, p < 0.001) showed inverse associations with time to ICU discharge. An interaction between the proportion of new admissions and staffing model was significant, such that higher numbers of new admissions were associated with larger reductions in time to ICU discharge in closed compared with open ICUs (p = 0.03). Similar effects were observed in the final multivariable model (ESM, Table 5 ). Predicted times to discharge from this model were half a day earlier among patients in the highest versus the lowest quintile of census (4.30 days, 95 % CI 4.17-4.43 days for highest quintile versus 4.79 days, 95 % CI 4.65-4.94 days for lowest). Similarly, patients in the highest quintile of admissions were predicted to be discharged more than a day earlier than those in the lowest quintile in open ICUs (3.83 days, 95 % CI 3.71-3.95 days for highest versus 5.25 days for lowest, 95 % CI 5.09-5.42 days), and more than two and a half days earlier in closed ICUs (2.87 days, 95 % CI 2.36-3.38 days for highest versus 5.68 days, 95 % CI 5.38-5.98 days for lowest).
Analysis of decedents without limitations in life-sustaining therapy and decedents with lower severity of illness
For patients who died without any limitations in lifesustaining therapy (n = 825), there was no significant effect of any metric of ICU strain on time to death (ESM ,  Table 6 ). Similarly, there was no significant effect of any metric of ICU strain on time to death for decedents admitted with lower severity of illness (n = 2486) (ESM, Table 6 ). None of the prespecified interactions tested were significant (ESM, Table 7 ).
Mediation analysis
Of all decedents who had a DNR order placed, 5711 (57.7 %) patients had complete date and time information for when the order was placed. The median time between DNR placement and death was 18 h (IQR 3-55 h). When examining mediation effects for ICU census, we only included patients cared for in closed ICUs (n = 1080), as the effect of census on time to death and time to DNR was not significant in open ICUs. For ICU census, there was no evidence of mediation, with only the direct effect of census being statistically significant (p = 0.05). For the proportion of new admissions, direct, indirect, and total effects were significant (p ≤ 0.001 for all effects), showing an inverse relationship between admissions and time to death. For ICU acuity, indirect and total effects were both significant (p < 0.001) and demonstrated an inverse relationship between an increase in acuity and time to death; the direct effect showed a positive relationship, but was not statistically significant (p = 0.88). For both admissions and acuity, the majority of the effect of ICU strain on time to death was mediated by time to DNR (proportion of total effect mediated 65.8 % for admissions, 101 % for acuity) ( Table 3) .
Discussion
Among a national sample of ICU patients, increases in several measures of ICU capacity strain during the first 3 days of ICU admission were associated with shorter time to DNR and death among patients who had limitations in life-sustaining therapy and who died in the ICU, as well as a shorter time to ICU discharge among patients who survived an initial ICU stay but died later in the same hospitalization. These associations were not statistically significant across all metrics of strain, but in no case was strain associated with longer times to death, DNR, or ICU discharge. Furthermore, in a mediation analysis, we found that the majority of the effect that ICU strain exhibited on time to death was mediated by time to placement of a DNR order, suggesting a causal relationship whereby strain hastens changes in orders to limit life-sustaining therapy, resulting in shorter time to death. Recent studies have shown that use of intensive communication strategies is associated with decreased time to implementation of decisions to withhold and withdraw life-sustaining therapy [25, 26] . Our findings provide further evidence that time to decision-making in the ICU may be modifiable and may represent an additional factor that influences how decisions about life-sustaining therapy are made. One potential explanation for our overall finding is that increases in strain heighten clinicians' awareness of resource limitations, making them perform more "efficiently" in situations where patients no longer benefit from ongoing ICU care. This more efficient care could result in expedited end-of-life decision-making and faster time to death among patients who will die regardless. Such observations parallel other recent studies showing that physician behaviors related to end-of-life decisionmaking may be influenced by resource availability and the surrounding environment. In a simulation study, ICU bed availability was strongly associated with physicians' likelihood of initiating life-sustaining therapy for older adult patients [27] . Correspondingly, in a study of hospitalized adults assessed by a medical emergency team on the ward, patients were much more likely to have their goals of care changed when there were no ICU beds available in comparison to patients seen when two or more beds were available [28] . Furthermore, mortality did not vary with ICU bed availability, suggesting that physicians were more expedient at recognizing potentially futile situations and facilitating end-of-life decisionmaking. How physicians approach the decision-making process also may be malleable. A simulation study found that physicians more often played a "directive" role in a time-pressured scenario, making treatment decisions independently of the patient and family [29] , and differences in institutional culture have been shown to influence trainees' willingness to make recommendations regarding placement of a DNR order [30] . Thus, our study adds evidence to strengthen the assertion that physician behaviors surrounding end-of-life decision-making for critically ill patients may be context dependent. Another possible explanation is that increases in strain negatively impact care that is delivered, resulting in clinical deterioration (perhaps prompting faster decisionmaking) and a faster time to death. If the decrease in time to death was mediated by clinical deterioration, we would expect this effect to be observed among decedents with and without orders to limit life-sustaining therapy. Yet, we found no association between strain and time to death for the decedents without limitations. Similarly, for patients admitted with lower severity of illness, any decrease in time to death associated with increased strain may more likely represent deterioration due to lowerquality care, and we again found no relationship between strain and time to death for these patients. Although we did not observe an effect in these subgroups, sample sizes for these analyses were smaller, increasing the possibility of type II error.
We also found that increases in strain were more pronounced for patients cared for in ICUs employing a closed staffing model. In a closed staffing system, comprised of a primary team that bears the majority of responsibility for all aspects of patients' care, there may be less ability to absorb increases in strain without impacting care as a result of the limited personnel on the team, or a greater awareness by the team of the unit as a system and demand for ICU beds. Also, physicians working in open units may be directly responsible for patients on the floor and may be able to better anticipate need and control triage to mitigate effects of strain. However, we did observe a non-significant trend where increased strain was associated with increased time to DNR and death. If true, this effect may be secondary to difficulty coordinating among different care providers to facilitate decision-making in times of increased strain.
Our study has limitations, and thus should be interpreted cautiously. At the outset of this study we set forth to test competing hypotheses examining the impact of ICU strain on time to death. There may indeed be instances in which strain increases time to decisionmaking; however, we are unable to distinguish whether this effect is absent or is merely dwarfed by the opposite effect of strain decreasing time to death for the majority of individuals. Because of the retrospective nature of the study, we do not have information regarding whether conversations regarding decision-making actually occurred, time to these discussions occurring, or time to placement of orders to limit life-sustaining therapy other than DNR orders. We are also unable to assess whether any effect of strain on the timing of limitations on lifesustaining therapy influences patient-centered outcomes, such as family satisfaction or the quality of death. Moreover, given the age of the data, it is possible that the effect of ICU strain on clinicians' behavior and practice patterns has changed over time; however, the more contemporary data set (APACHE Outcomes) does not contain the necessary data to be able to examine these associations. Lastly, there is the possibility that our results represent a type I error.
Overall, we found evidence that increases in ICU strain are associated with a decrease in time to death for patients who have limitations in life-sustaining therapy, which may be mediated by physicians behaving more efficiently, expediting discussions regarding limitations in therapy in the face of decreased ICU resources. Our study adds to a growing body of evidence demonstrating ways in which physicians' decision-making for critically ill patients are affected by factors unrelated to patients, families, and their specific preferences. Physicians should be aware of outside influences on decision-making, as better understanding of such effects may eventually lead to improved judgement and decision-making. This suggests great need for future research aimed at elucidating the mechanisms by which these non-patient-centered factors influence communication and other aspects of care.
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